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We  discuss  the  consequences  of  including  both  electron- phonon  and  electron-electron  couplings  in 
multi-band  models,  focusing  on  numerical  studies  of  a  one-dimensional  two-band  model  in  the  inter¬ 
mediate  regime  for  both  coupling  strengths.  Spin-Peierls  as  well  as  long-period,  frustrated  ground 
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Multi-band  and  multi-orbital  models  have  recently 
been  much  studied,  primarily  due  to  their  relevance 
for  high-temperature  superconductors  (HTC)  [1].  At 
stoichiometry,  such  models  can  exhibit  interesting  and 
unusual  ground  states,  such  as  electron -phonon  (e-ph) 
driven  incommensurate  long-period  (LP)  or  superlaltice 
(SL)  phases  [2].  Here  we  show  that  a  one-dimensional 
(ID),  two-band  (2B)  model  with  competing  electron- 
electron  (e-e)  and  e-ph  interactions  also  exhibits  at  sto¬ 
ichiometry  interesting  magnetic  behavior:  namely,  LP 
frustrated  or  spin-Peierls  (SP)  phases  in  the  intermedi¬ 
ate  regime  between  the  strongly  electron-electron  (e-e) 
correlated  antiferromagnetic  (AF)  limit  and  the  strongly 
e-ph  correlated  large  lattice  distortion  (LD)  limit.  Sim¬ 
ilar  complex  LP  phases  are  found  in  antiferromagnetic 
next-nearest  neighbor  (ANNN1)  models  with  competing 
magnetic  interactions  [3].  Doping  into  such  SP  phases 
may  induce  unusual  pairing  mechanisms  in  ID  or  in  the 
2D  version  of  this  model,  relevant  to  IITC  [4-7]. 

Considerable  effort  has  gone  into  solving  effective  one- 
band  (IB)  models.  For  dominant  e-e  interactions  Zhang 
and  Rice  [4]  derived  in  the  context  of  HTC,  due  to  the 
separation  of  energy  scales,  an  effective  IB  t-J  Hamilto¬ 
nian  using  a  Wannicr  singlet  basis.  Imada  [7]  has  sug¬ 
gested  that  inclusion  of  an  c-ph  dependence  of  the  ef¬ 
fective  spin  interaction  J  is  crucial,  as  it  leads  to  the 
opening  of  a  spin  gap,  important  for  singlet  supercon¬ 
ductivity.  Here,  we  stress  phenonena  for  which  keeping 
the  full  2B  mode!  with  both  e-e  and  e-ph  interactions  is 
essential.  These  effects  are  generic  in  the  sense  that  their 
existence  is  not  dependent  on  the  exact  analytic,  form  of 
the  couplings  or  the  specific  parameters  used. 

We  study  the  ID,  2B,  3/4-filled,  tight-binding  Peicrls- 
llubbard  Hamiltonian  (P11H)  developed  (8,9)  to  model 
an  interesting  class  of  ID  compounds  -  halogen-bridged 
transition-metal  linear  chain  complexes  (MX  chains)  - 
winch  exhibit  tunable  behavior  ranging  from  antiferro¬ 


magnetic  (AF)  or  spin-density-wave  (SDW)  to  charge- 
density-wave  (CDW)  to  semimetallic.  This  same  model 
can  be  considered  as:  a  model  of  CuO  chains  or  a  ID  ana¬ 
log  of  the  models  used  for  Cu02  planes  in  oxide  supercon¬ 
ductors  [10];  a  3/4-filled  analog  of  the  the  organic  con¬ 
ductor  polyacetylene;  a  model  for  charge-transfer  salts 
such  as  TTF-TCNQ;  or  a  model  of  neutral-ionic  transi¬ 
tions  [11].  If  one  considers  the  two  orbitals  to  be  on  the 
same  site,  this  Hamiltonian  is  also  related  to  the  Kondo 
Hamiltonian  used  to  describe  heavy  fermion  and  other 
valence  fluctuation  materials.  This  model  yields  quanti¬ 
tative  fits  for  the  MX  chain  compounds  to  a  variety  of 
experimental  data  (optical  absorption,  Raman  spectra, 
susceptibility  data,  ESR,  etc.)  [8,9].  Unusual  magnetic 
behavior  in  strong  magnetic  fields  has  also  been  reported 
in  one  MX  system  [12],  which  may  be  experimental  sup¬ 
port  for  the  phenomena  discussed  here. 

Our  model  ID,  2B,  PHH  is  [8,9]: 

^as53{(“<0+tt^)(CUC'+l.*  +  CI41. •«'.•)  0) 

1,0  ^ 

+  ffj  -  Pi  (6,  +  6(_ ) )]  c/  0 1 

+  y~l j^nnnu  +  . 

where  cj  a  (cj„)  creates  (annihilates)  an  electron  at  site 
/  with  spin  cr,  and  M  (dts)  and  A'  ( p ,)  Wannier  or¬ 
bitals  are  situated  on  even  and  odd  sites,  respectively. 
Each  M2X2  unit  cell  has  C  electrons,  or  3/4-filling.  No 
non-bonding  orbitals  were  included  in  the  ID  Hamilto¬ 
nian,  and  effective  springs  were  used  to  model  these  and 
other  such  elements  of  the  structure  not  explicitly  in¬ 
cluded  [13].  Parameters  are:  the  on-site  energy  (electron 
affinity)  ci  (<*f =— rx=co),  electron  hopping  (<0),  on-site 
(Pm, fix)  and  inter-site  («)  c-ph  coupling,  and  011-site 
( Um,Ux )  e-e  repulsion,  a  1  is  the  natural  length  of  the 
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FIG.  1.  <o=0  phase  diagram  of  an  infinite  chain  for 

Px/fiM——l,  Ux/Um=1-  The  dashed  line  is  the  parameter 
path  used  fot  Fig.  4  and  +  the  point  in  Fig.  3.  Note  that 
changing  P  is  equivalent  to  moving  along  a  line  through  the 
origin. 


M-X  spring  K,  and  Si  is  the  relative  displacement  of 
the  atoms  on  an  N  site  chain  at  sites  l  and  /+1.  Si 
is  determined  (self-consistently)  by  minimizing  the  to¬ 
tal  energy  Et,  dEr/dSi~0.  The  change  in  average  MX 
bond  length  a,  a=)C,  4//N,  an<^  the  pressure  P  are  re¬ 
lated  by  dEr/dP=Na,  yielding  P=K(cn—a+D)  where 
D  =  (2/?(n/,o  -  a(cj0c,+liC  +  c\+l  gc,'C))/NK.  We 

work  at  fixed  a.  We  have  used  both  mean-field  (Hartree- 
Fock)  and  exact  diagonalization  to  study  this  model  [8]. 
Upon  doping,  the  multi-band  nature  is  manifested  in  lo¬ 
calized  intrinsic  defects  -  expected  on  the  basis  of  effec¬ 
tive  IB  models  [15]  to  be  electron/hole  symmetric  and 
chargeless,  spinless,  and/or  distortionless  -  which  ex¬ 
hibit  electron/hole  asymmetry  [14]  and  local  charge,  spin, 
and/or  LD  character  [8,9]:  for  example  local  LD  around 
“it  gnetic”  polarons  in  an  AF  such  as  NiCl  or  NiBr  [9]. 
Ne.ir  phase  boundaries,  even  at  low  defect  concentration, 
modification  of  the  background  (stoichiometric  “ground 
state”)  can  also  occur  [16]. 

Tuning  eo,  to,  Um,  and  Ux  is  essentially  a  ID  analog  of 
theoretical  discussions  in  2D  which  focus  on  the  p-d  hy¬ 
bridization  in  HTC  materials.  There,  as  here,  these  pa- 


FIG.  2.  Schematic  energy  level  diagram  in  the  strongly  cor¬ 
related  limit  showing  frustration  of  the  effective  antiferromag¬ 
netic  couplings  due  to  the  partial  real-space  occupancy  of  the 
low-lying  levels  induced  by  MX  hybridization. 

rametefs  determine  the  broken  symmetry  (if  any)  of  the 
ground  state,  and  the  nature  of  electron  or  hole  doping 
into  those  states.  Indeed,  the  similarity  is  even  stronger 
because  the  nominal  filling  at  stoichiometry  is  essentially 
the  same  in  both  MX  and  oxide  HTC  materials  -  3/4- 
filling  of  2  bands  and  5/6-filling  of  3  bands,  respectively 
Furthermore,  both  AF  and  CDW  HTC  compounds  ex¬ 
ist  ( e.g .,  LaCu204,  BaBiOa),  much  as  for  MX  com¬ 
pounds  ( e.g .,  NiCl,  PtCl,  respectively).  We  stress  the 
MX  class  has  the  advantage  of  essentially  continuous 
tunability  between  these  extremes.  Finally,  even  in  the 
context  of  AF-based  HTC  materials  the  role  of  e-ph  cou¬ 
pling  is  increasingly  appreciated  [1],  where,  upon  doping, 
the  same  local  competition  of  AF  and  CDW  as  in  M X 
compounds  occurs  and  can  induce  strong  local  LD  in  a 
strongly  magnetic  background  [6],  as  observed  in  doping 
and  photodoping  spectroscopy  [17], 

In  the  CDW  case  with  large  LD,  typical  of  many  M X 
chains,  a  first  approximation  is  to  approach  the  material 
as  decoupled  X—M—X  trimers  and  M  monomers.  In¬ 
deed,  optical  absorptions  in  PtCl  chains  are  very  close 
to  the  monomers  and  trimers  in  solution  [18].  Similar 
decoupled-cluster  limits  can  be  formulated  for  the  other 
LD  phases,  though  the  analysis  does  not  add  significantly 
to  the  understanding  from  the  analytic  U=0  limit  [8]  and 


TABLE  I.  The  a=<n=0  constant  volume  period-4  phases,  occupancies,  distortions,  energies,  and  effective  an¬ 
tiferromagnetic  spin  correlations  J  in  the  <o— »0  limit.  Here  <=<o/eo,  um>x=Usi,x  ho,  6m,x  =fim,x / V A'co,  and 


6(1) \J K/co=d  x  (cos  sin  —)—<Im(  cos  y+sin  —)  defines  dimensionless  X(M)  sublattice  distortion  order  parameters  <Ix((Im). 


S' 

□ 

phase 

XMXM 

dM 

dx 

2Et/(c0N) 

MAF 

t-T-l-I- 

0 

0 

2bx+bm 

Ur-  1 

Jmm—  t'(4um  —  u,+ 4) 

e°  2um(um-u*+2)'(2um-Ux-M) 
JxX  —  t<(4Ur— Um— 4) 

e°  2Ur(ux  — Um— 2)J(2Ui— Um— 4) 

n 

XAF 

t-l-l-t- 

0 

0 

bx+2bm 

Um+1 

MIX 

CDW 

BOW 

t=l_l— 1- 

1=.=t-t- 

•=1-1-1= 

bm 

0 

ifcx 

0 

4* 

•1  + 

«i+«m  bl+bm 

<2(um  +  Ur) 

J  2 

2bx+bm 

4»+2fcm 

2  4 

+ 1— 

e°  (Ux-2+6j-6m)(Um+2-6i-t-4?„) 

"odea 

•/or 

QTJALJTV  INSPECTED  *  $'!  \flt)  ! 

'  •  ■  :! 

0.6  r - 1 - 1 - 1 - ' - 1 - 1 - '  _1 

O  ~  — * 

«  " 

\  0.4  -  - - - - j 

‘  j,  .-I--''  : 

«  0.2  -  W2*^  (udq - 

5-  :  («AP) 

w,  00  — «==— - ”"~i — :  ;  ;  ;  - 

0  1  V«o  2 

FIG.  3.  to  dependence  of  the  difference  in  singlet  and  triplet 
energies  for  the  CDW,  MIX,  and  MAF  phases  at  the  point 
indicated  by  the  +  in  Fig.  1,  obtained  by  exact  diagonalization 
of  an  N= 16  site  system.  For  small  to,  this  corresponds  to 
excitations  of  the  effective  spin-Hamiltonian  U  =  4  JSfSf+j 
with  energy  4 Jmm  in  the  MAF  phase  and  2 Jmx  in  the  MIX 
phase,  whereas  in  the  CDW  phase  this  reflects  the  Peierls 
gap.  The  dotted  lines  are  the  perturbative  expressions  for 
Jmm,  Jmx  from  Table  I. 

to=0  limit  (described  below). 

For  large  (positive)  eo,  a  reasonable  starting  point  for 
interpreting  the  effects  of  including  e-e  and  e-ph  cou¬ 
plings  is  an  effective  1/2-filled,  IB  model  focusing  on 
the  M  dii  orbitals  [15]-  For  zero  e-e  correlations,  when 
on-site  e-ph  coupling  (0)  dominates,  the  ground  state 
exhibits  X-sublattice  LD  with  an  accompanying  CDW 
on  the  A/-sublattice  (CDW  phase).  When  the  intersite 
e-ph  coupling,  a\^  =at0/(2eo),  dominates,  the  case  is 
reversed:  X-CDW  and  M- LD  (bond-order-wave  (BOW) 
phe'se).  Typical  e-ph  phenomena  (phonon  softening,  soli- 
tons,  etc.)  are  found  [15].  The  full  2B  model  leads  to 
qualitative  modifications  such  as  removal  of  the  BOW 
phase  [8],  and  electron-hole  asymmetry  of  defect  absorp¬ 
tions  [14]-  Our  focus  here  is  on  intermediate  to  large  e-e 
correlations  (large  Um),  where  in  the  ID,  IB  limit  one  ex¬ 
pects  a  SP  phase  with  an  effective  AF  coupling  between 
M  sites  [4,5, 19]. 

To  understand  the  consequences  of  e-e  correlations  for 
a  multiband  model,  we  first  examine  the  zero-hopping 
limit.  The  period-4  (P4)  phases  for  to=a=0  are  listed  in 
Table  I.  The  phase  diagram  for  parameter  values  near 
the  CDW/AF  crossover  (relevant  to  M\  or  NiX  materi¬ 
als),  is  shown  in  Fig.  1.  The  phase  diagram  is  more  com¬ 
plex  for  Ux,\0x\0,Um,\0m\  and/or  0x/0m>Q,  where  the 
hybridization-driven  competition  is  most  effective.  When 
to=0,  all  spin  excitations  are  isoencrgetic.  For  tgyfO,  AF 
correlations  develop  and  one  can  treat  the  problem  in 
terms  of  an  effective  spin  model.  Without  coupling  be¬ 
tween  the  two  bands,  the  lower,  X-like  (for  eo>0)  band 
is  full  and  non-magnetic,  while  the  upper,  Af-like  band 
is  1 /2-full  with  one  electron  per  M  site  (when  e-e  repul¬ 
sion  is  dominant).  The  on-site  e-ph  coupling  0  leads  to  a 
splitting  of  the  upper  band  which  competes  with  an  AF 
ordering  of  the  spins  caused  by  the  effective  AF  coupling 
between  neighboring  metal  sites,  Jmm  (as  in  the  effective 
IB  case).  When  hybridization  between  the  two  bands  is 


FIG.  4.  Exact  diagonalization:  (a)  lattice  distortion  ampli¬ 
tude,  (b)  total  energy  Et ,  and  (c)  n.n.  and  (d)  n.n.n.  spin 
correlations  as  a  function  of  Um/cq  for  i o/eo=0.5  and  N  =  J6 
for  MAF,  CDW,  and  MIX  phases.  Other  parameters  are  as  in 
Fig.  1.  The  charge  densities  have  essentially  the  <o=0  values 
shown  schematically  in  Table  I. 


allow  •  ne  lower  band  is  not  completely  full,  and  now 
there  .  i  effective  AF  coupling  between  neighboring 
halide  rs,  J xx  (dominant  when  Ux  is  dominant),  as 
well  as  M  and  X  sites,  Jmx-  Jxx  and  Jmx  are  not 
present  in  IB  models  [20].  In  fact,  when  the  splitting 
due  to  the  e-ph  coupling  0  is  on  the  order  of  U  and  eo, 
the  AF  state  with  neighboring  M-X  pairs  singly  occu¬ 
pied  can  become  the  ground  state,  as  shown  in  Fig.  1 . 
This  implies,  in  contrast  to  the  IB  case,  that  the  combi¬ 
nation  of  e-e  and  e-ph  coupling  in  the  2B  model  drives, 
in  addition  to  the  non-magnetic  CDW  and  BOW  phases, 
three  (competing)  SP  phases:  one  on  the  X’-sublattice 
(XAF),  one' on  the  M-sublattice  (MAF),  and  one  involv¬ 
ing  MX  pairs  and  large  LD  (MIX).  Since  Jmm,  J  xx, 
and  Jmx  are  all  AF  couplings  (J  >  0),  they  obviously 
cannot  all  be  simultaneously  satisfied  and  the  system  is 
frustrated,  as  shown  in  Fig.  2.  It  is  straightforward  to 
derive  from  fourth-order  perturbation  theory  in  to  an  ef¬ 
fective  t,  Jmx,  Jmm,  Jxx  mode!  in  the  large  V  limit; 
the  resultant  J’s  are  listed  in  Table  I.  When  only  one  of 
the  J’s  dominates,  one  can  numerically  check  this  esti¬ 
mate  L_,  comparing  the  energies  oi  the  single'  «md  triplet 
ground  states  (at  fixed  LD).  Fig.  3  shows  good  agreement 
for  small  fo-  Note  that  the  CDW  phase  has  an  entirely 
e-ph  driven  AF  component:  even  when  the  X(Af)-LD  is 
large,  some  residual  Af  (X)-sublattice  magnetization  re¬ 
mains. 

For  parameters  where  the  LD  is  large  and  driven  by 
the  on-site  e-ph  coupling  0,  and/or  the  Hubbard  U  terms 
are  large,  the  zero-hopping  phase  diagram  is  close  to  the 
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FIG.  3.  to  dependence  of  the  difference  in  singlet  and  triplet 
energies  for  the  CDW,  MIX,  and  MAF  phases  at  the  point 
indicated  by  the  +  in  Fig.  1,  obtained  by  exact  diagonalization 
of  an  N—16  site  system.  For  small  to,  this  corresponds  to 
excitations  of  the  effective  spin-Hamiltonian  H  a =  4  JS‘Sf+j 
with  energy  4  Jmm  in  the  MAF  phase  and  2  Jmx  in  the  MIX 
phase,  whereas  in  the  CDW  phase  this  reflects  the  Peierls 
gap.  The  dotted  lines  are  the  perturbative  expressions  for 
Jmm, Jmx  from  Table  I. 


<o=0  limit  (described  below). 

For  large  (positive)  <o,  a  reasonable  starting  point  for 
interpreting  the  effects  of  including  e-e  and  e-ph  cou¬ 
plings  is  an  effective  1/2-filled,  IB  model  focusing  on 
the  M  orbitals  [15].  For  zero  e-e  correlations,  when 
oil-site  e-ph  coupling  (0)  dominates,  the  ground  state 
exhibits  X-sublattice  LD  with  an  accompanying  CDW 
on  the  Af-sublattice  (CDW  phase).  When  the  intersite 
e-ph  coupling,  ot\!J  =a<o/(2e0),  dominates,  the  case  is 
reversed:  X-CDW  and  M-LD  (bond-order-wave  (BOW) 
phase).  Typical  e-ph  phenomena  (phonon  softening,  soli- 
tons,  etc.)  are  found  [15].  The  full  2B  model  leads  to 
qualitative  modifications  such  as  removal  of  the  BOW 
phase  [8],  and  electron-hole  asymmetry  of  defect  absorp¬ 
tions  [14).  Our  focus  here  is  on  intermediate  to  large  e-e 
correlations  (large  UM ),  where  in  the  ID,  IB  limit  one  ex¬ 
pects  a  SP  phase  with  an  effective  AF  coupling  between 
M  sites  (4,5, 19]. 

To  understand  the  consequences  of  e-e  correlations  for 
a  multiband  model,  we  first  examine  the  zero-hopping 
limit.  The  period-4  (P4)  phases  for  <o=<*=0  are  listed  in 
Table  I.  The  phase  diagram  for  parameter  values  near 
the  CDW/AF  crossover  (relevant  to  Afl  or  NiX  materi¬ 
als),  is  shown  in  Fig.  1.  The  phase  diagram  is  more  com¬ 
plex  for  U x  ,\Px\£,Um  ,\Pm\  and/or  0x/0m> 0,  where  the 
hybridization-driven  competition  is  most  effective.  When 
<o=0,  all  spin  excitations  are  isoenergetic.  For  <Oj£0,  AF 
correlations  develop  and  one  can  treat  the  problem  in 
terms  of  an  effective  spin  model.  Without  coupling  be¬ 
tween  the  two  bands,  the  lower,  X-like  (for  eo>0)  band 
is  full  and  non-magnetic,  while  the  upper,  Af-likc  band 
is  1/2-full  with  one  electron  per  M  site  (when  e-e  repul¬ 
sion  is  dominant).  The  on-site  e-ph  coupling  0  leads  to  a 
splitting  of  the  upper  band  which  competes  with  an  AF 
ordering  of  the  spins  caused  by  the  effective  AF  coupling 
between  neighboring  meted  sites,  Jmm  (as  in  the  effective 
IB  case).  When  hybridization  between  the  two  bands  is 
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FIG.  4.  Exact  diagonalization:  (a)  lattice  distortion  ampli¬ 
tude,  (b)  total  energy  Et ,  and  (c)  n.n.  and  (d)  n.n.n.  spin 
correlations  as  a  function  of  Um/co  for  <o/eo=0.5  and  N=16 
for  MAF,  CDW,  and  MIX  phases.  Other  parameters  are  as  in 
Fig.  1.  The  charge  densities  have  essentially  the  t0=0  values 
shown  schematically  in  Table  I. 


allow  .he  lower  band  is  not  completely  full,  and  now 
there  .  i  effective  AF  coupling  between  neighboring 
halide  s,  Jxx  (dominant  when  Ux  is  dominant),  as 
well  as  M  and  X  sites,  Jmx •  Jxx  and  Jmx  are  not 
present  in  IB  models  [20].  In  fact,  when  the  splitting 
due  to  the  e-ph  coupling  0  is  on  the  order  of  U  and  e0, 
the  AF  state  with  neighboring  M-X  pairs  singly  occu¬ 
pied  can  become  the  ground  state,  as  shown  in  Fig.  1. 
This  implies,  in  contrast  to  the  IB  case,  that  the  combi¬ 
nation  of  e-e  and  e-ph  coupling  in  the  2B  model  drives, 
in  addition  to  the  non-magnetic  CDW  and  BOW  phases, 
three  (competing)  SP  phases:  one  on  the  JV-sublattice 
(XAF),  one' on  the  Af-sublattice  (MAF),  and  one  involv¬ 
ing  MX  pairs  and  large  LD  (MIX).  Since  Jmm,  Jxx, 
and  Jmx  are  all  AF  couplings  (J  >  0),  they  obviously 
cannot  all  be  simultaneously  satisfied  and  the  system  is 
frustrated,  as  shown  in  Fig.  2.  It  is  straightforward  to 
derive  from  fourth-order  perturbation  theory  in  <o  an  ef¬ 
fective  <,  Jmx,  Jmm,  Jxx  model  in  the  large  U  limit; 
the  resultant  J's  arc  listed  in  Table  I.  When  only  one  of 
the  J'b  dominates,  one  can  numerically  check  this  esti¬ 
mate  by  comparing  the  energies  of  the  singlet  and  triplet 
ground  states  (at  fixed  LD).  Fig.  3  shows  good  agreement 
for  small  <0.  Note  that  the  CDW  phase  has  an  entirely 
e-ph  driven  AF  component:  even  when  the  X(Af)-LD  is 
large,  some  residual  Af(A')-sublattice  magnetization  re¬ 
mains. 

For  parameters  where  the  LD  is  large  and  driven  by 
the  on-site  e-ph  coupling/!,  and/or  the  Hubbard  U  terms 
are  large,  the  zero-hopping  phase  diagram  is  close  to  the 


actual  phase  diagram  In  Fig  4  we  show  the  LD,  total 
energy,  and  spin  correlations  obtained  by  exact  diago- 
nalization  on  a  ring  of  16  sites  as  parameters  are  varied 
along  the  line  shown  in  Fig.  1.  As  Um  increases  (LD  de¬ 
creases),  we  observe  a  sharp  transition  from  M-M  charge 
coupling  (CDW)  to  M-X  spin  coupling  (MIX)  to  M-M 
spin  coupling  (MAF),  in  agreement  with  the  <o=0  results. 
(Since  for  finite  systems  the  phases  are  strongly  pinned 
by  the  LD,  we  can  follow  competing  phases  across  phase 
boundaries.)  For  larger  to,  the  couplings  change  more 
smoothly,  and  charge  disproportionation,  M-X  spin  cou¬ 
pling,  and  M-M  spin  coupling  coexist,  with  the  phase  of 
the  LD  passing  from  CDW  through  MIX  to  BOW  as  the 
amplitude  goes  to  zero.  For  large  <o,  even  for  Um=0,  the 
CDW  phase  shows  a  strong  tendency  towards  AF  order, 
driven  by  valence  fluctuations  rather  than  U . 

The  crossover  from  P4  CDW  to  P4  MAF  is  accompa¬ 
nied  by  LP  SL  phases  [21]  when  |/?x//?Af i>L  or  when 
the  inlcrsiie  e-ph  coupling  a  is  large.  We  have  com¬ 
pleted  only  preliminary  evaluation  of  the  LP  region  of 
the  phase  diagram,  as  the  many  competing  metastable 
states  significantly  complicate  the  analysis.  An  a-driven 
SL  phase  has  recently  been  found  in  a  2D,  3B  model  of 
HTC  Cu02  layers  [6].  Such  SLs  may  be  viewed  as  an  or¬ 
dered  array  of  discommensuration  defects  with  respect  to 
a  nearby  commensurate  order  ( e.g .,  P4).  In  view  of  the 
effective  J’s  discussed  above,  it  may  be  natural  to  model 
such  states  in  terms  of  ANNNI-like  models  [3,5,7],  where 
nearest  and  longer  range  couplings  compete,  leading  to 
frustration  and  associated  complexity  phenomena  -  mul¬ 
titimescale  relaxation,  hysteresis,  metastability,  etc.  In 
the  context  of  the  MX  class,  it  will  be  particularly  inter¬ 
esting  to  investigate  materials  in,  or  near,  this  crossover 
regime  -  e.g.,  PtI  -  and  to  further  control  the  crossover 
witii  pressure,  magnetic  field,  doping,  impurities,  etc.  In¬ 
deed  doping  into  this  complex  regime  should  be  highly 
sensitive  to  the  softness  and  competitions  of  the  phases: 
this  is  an  excellent  regime  to  study  pairing  tendencies 
and  metallization. 

In  conclusion,  we  stress  that  the  ID,  2B,  PHI!  is  rep¬ 
resentative  of  a  very  large  variety  of  low-D  electronic  ma¬ 
terials.  This  variety  is  mirrored  in  the  model’s  richness, 
not  only  in  terms  of  the  potential  ground  states  as  dis¬ 
cussed  here,  but  also  in  terms  of  the  consequences  of 
doping  into  such  phases,  especially  near  phase  bound- 
ares,  where  besides  the  usual  plethora  of  doping  and 
photoinduccd  non-linear  excitations  (solitons,  polarons, 
bipolarons,  and  excitons  (8,9, 11,15]),  a  dopant-induced 
transition  of  the  global  phase  may  exist  [16, 17]  and  novel 
pairing  mechanisms  are  anticipated  [4-7].  Inclusion  of  e- 
ph  in  a  2D  3B  model  relevant  to  I1TC  materials  leads 
to  similar  effects  both  at  stoichiometry  and  upon  dop¬ 
ing,  where  generalized  polaronic  or  “bag”  states  with 
local  coexistence  of  spin  and  charge  are  found  [6].  We 
are  attempting  to  exploit  this  richness  via  a  systematic 
“making-measuring-modeling"  approach  on  to  the  MX 
class  of  ID  compounds,  which  are  realizations  of  this 


Hamiltonian  spanning  the  range  of  complex  broken  sym 
metry  ground  states.  The  recent  device  proposals  for 
photovoltaics,  etc.,  [22]  serve  to  underscore  the  excit¬ 
ing  consequences  of  this  richness.  We  believe  that  ex¬ 
perimental  investigations  of  the  template  [23]  and  pres¬ 
sure  dependence  and  high  (magnetic)  field  behavior  of 
pure  and  doped  MX  materials  in  the  LD/AF  cross-over 
regime,  such  as  PtI,  NiBr,  or  their  mixed-metal  or  -halide 
analogs,  will  continue  to  yield  interesting  insights  into  the 
nature  of  intrinsically  multiband  effects  and  the  compe¬ 
tition  between  e-e  and  e-ph  interactions. 
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d1-*7  Ground  State  anil  Excitations  of  the  Extemleii 

Hublmrd  Model.  K.Gacliano,  S.IIacci  and  Hichahu  M. Martin 
Univ.  of  Illinois,  Urbana-Ch&mpaign.-  Using  exact  diagonalization 
techniques  we  study  the  ID  and  20  Hubbard  model  with  first-neighbor 
Coulomb  interaction,  V .  The  ground  state  energies  as  well  as  static 
and  dynamic  correlations  are  calculated  as  functions  of  the  local  inter¬ 
action  £/,  V  and  doping  concentration.  We  wilt  discuss  the  phase  di¬ 
agram  of  the  model  in  the  ( U ,  V)  plane,  which  beside  the  CDW-SDW 
transition  at  half-tilling,  has  a  broad  region  where  phase  separation 
take  place.  We  will  analyze  also,  the  effect  of  V  in  the  superconduct¬ 
ing  properties  of  the  model. 
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J 1 5  8  Monte-Carlo  Simulations  gf  an  Extended  Hubbard 
Model.*  C.  S.  WANG  and  AN1KET  BHATTACHARYA, 
University  of  Maryland. --A  three-band  extended  Hubbard 
model  in  the  two-dimensional  Cu02  plane  has  been  suggested 
to  contain  the  essential  features  of  high  temperature 
superconductivity.  The  phases  of  the  hopping  integrals 

between  nearest-neighbor  copper-oxygen  sites,  f,^  and  that 
between  nearest-neighbor  oxygen-oxygen  sites,  r„  are 
often  approximated  to  yield  the  same  signs  for  all  hopping 
integrals.  Monte-Carlo  simulations  indicate  a  rather 
sudden  phase  separation  with  holes  localized  either  on 
copper  or  oxygen  sites,  when  |  r^  |  a  |  |  .  Such  a 

drastic  separation  would  not  occur  if  the  appropriate 
phases  of  the  hopping  integrals  were  taken  into  account. 
Instead,  the  densities  on  copper  and  oxygen  sites  become 
smooth  functions  of  r^,. 

'Supported  by  NSF  (grants  No.  DMR-8901453). 
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J15  9  The  Phase  Diagram  of  Doped  Oxide  Superconductors. 
the  role  of  direct  p-p  hopping.  Peter  S.  Riseborough, 
Polytechnic  University,  ---  A  phase  diagram  for  the  electron 
and  hole  doped  high  temperature  Oxide  superconductors  is 
calculated,  using  a  realistic  tight  binding  model  for  the 
electronic  states  in  the  Copper-Oxide  planes.  The  effect  of  the 
coulomb  interactions  between  the  electrons  in  the  Copper  d 
shells  is  accounted  for,  in  the  mean  field  approximation,  using 
the  slave  boson  technique.  The  effect  of  the  direct  hopping  of 
electrons  between  the  p  orbitals  on  nearest  neighboring  Oxygen 
ions  has  a  dramatic  effect  on  the  metal-insulator  phase 
boundary.  A  strong  asymmetry  between  the  electron  and  hole 
doped  systems  is  predicted.  This  asymmetry  may  be  inferred 
from  experimental  data  which  yields  measures  of  the  quasi- 
particle  effective  mass. 
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J 1 5  1 0  Cluster  Calculation;  of  mid-gap  states  in  high  I  c  Superconductors 
A.  SA 111.,  Division  Ihsica  del  Solido,  Dcpartamcntu  tie  Pisica,  CNF.A,  Av. 
del  I ,ibertad<ir  8250,  1429  Buenos'  Aires  ARGENTINA,  and  M. 

W I •  ISS M A N N .  Ucpartamcnlo  de  Pisica  dc  la  Materia  Condcn sada  t'-XII , 
IJniversidad  Aulonoma  tic  Madiid,  Canloblanco,  2RU49  Madrid  t-S [*A N A-- 
We  have  performed  scmiempirical  electronic  Mmclurc  calculations  for  t'uf) 
clusters  with  different  charge  and  cluster  geometry,  with  4,  S  and  6  oxygens 
nearest  neighbors  of  the  copper  atom.  We  find  a  charge  transfer  gap  nf  2eV 
in  the  three  cases,  for  Ihe  stechiomctric  charges,  hul  levels  inside  the  gap  ap¬ 
peal  with  doping  F:or  the  planar  cluster  (C.'uO,)  they  appear  with  electron 
doping  and  are  mostly  of  copper  character  hut  for  cluster)  with  apical  oxy¬ 
gens  they  appear  only  wilh  hole  doping  and  arc  mostly  of  apiral  oxygen 
character  T  his  has  suggested  a  model  of  an  alloy  made  up  of  doped  anil 
undoped  clusters  lhal  is  useful  to  explain  recent  pholoemision  and  sod  X-ray 
absorption  experiments  'lids  model  also  suggest  a  relation  between  Tc  and 
Ihe  properly  normalized  dopant  conecntriilion 

13:00 

Jis  ii  Slructwrfi.oLQ.u0jloafl^[e5jDJb^t:J^Kpn<dQ-.hleiMQbeifl 
and  ,Threo-8and..Models.  G.  REITER  and  O.  F.  do  Alcantara 
QONFIM,  University  of  Houston  We  construct  tho  solution  of 
tho  Schrttdlnger  equation  for  a  single  hole  In  nn 
nntlforromagnel  lhat  corresponds  lo  Ihe  lowost  order  self 


consistent  approximation  tor  the  quasiparhcle  propagator  with 
the  background  treated  in  the  spirt  wave  approximation  (Kane. 
Loo  and  Road,  Schmitt-Rmk.  Varma  and  Ruckenstem)  The 
results  are  used  to  compare  the  background  spin  configuration 
around  the  moving  hole  in  the  t-J.  Kondo-Hoisenberg  and 
Three-Band  models  The  asymptotic  form  of  the  spin  deviation 
is  dipolar  for  the  t-J  model,  as  predicted  by  Shraiman  and 
Siggia,  but  not  for  the  other  models  The  spin  on  the  oxygen  is 
not  zero,  and  varies  with  the  wavevector  in  the  lowest  band  in 
the  Three-Band  and  Kondo-Heisenberg  models 
*  This  work  was  partially  supported  by  Grant  No  MD3  972-88- 
G-0Q02  from  U.  S.  Defense  Advanced  Research  Projects 
Agency  and  the  State  of  Texas  at  the  Texas  Center  for 
Superconductivity. 
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J15  12  Ouas inart icl o  Energies _ in _ a  Two- Band. 

Interlayer  Coupling  Model  fc£ _ a  High-T^  Super¬ 

conductor  ■  W.A.  RAINE  anti  W.N.  MATHEWS  Jr., 

Georgetown  U. -  Much  of  the  recent  literature 

on  the  high-T  ,  layered,  cuprate  superconductors 
emphasizes  the  necessity  of  including  both 
oxygen  and  copper  bands  and,  more  recently, 
interlayer  correlations,  in  theoretical  models 
of  these  materials.  Accordingly,  we  construct  a 
Hamiltonian  that  takes  into  account  these 
requirements,  and  we  use  this  Hamiltonian, 
together  with  existing  decoupling  methods  and 
extensions  thereof,  to  calculate  the  super¬ 
conducting  state  quasiparticle  energies.  Our 
result  is  a  generalization,  that  contains 
corrections  due  to  the  interlayer  parameters,  of 
the  quasiparticle  energies  for  the  corresponding 
equivalent  one-layer  model.  Those  corrections 
also  indicate  the  presence  of  two  superconductor 
gaps,  a  result  that  is  in  agreement  with  recent 
findings.  Coupled  equations  for  the  energy  gaps 
and  hole  concentrations  in  each  band  can  be 
obtained  and  solved  sel f-consistently ,  which 
provides  a  starting  point  for  investigating  the 
existence  of  gap  anisotropy  in  these  materials. 
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PHONON  COUPLING  IN  TIIB  SINGl'.F.-HANn 
H  OLSTE1N- HUB  BARD  THEORY  FOR  CUPRATE 
SUPERCONDUCTORS  A.  J.  FF.DIIO,  MSI),  Argonnc  National 
Laboratory  {'),  and  J.  Z1I0NC  and  II -II  SC1IUTTI.F.R,  Outer  for 
Siinulalioiial  Physics,  University  of  Georgia  (  I  ).--  From  a  multiple 
hand  (MB)  Hubbard  model,  we  derive  the  effective  single  band  (SB) 
linear  electron-phonon  (EP)  couplings  of  the  correlated  21)  CuOj  con 
duction  electron  system  to  tho  displacements  of  in-plane  and  out-of 
plane  oxygen  atoms.  We  identify  the  relevant  competing  groundstatc 
phases,  associated  with  an  EP-driven  charge  instability,  in  the  zero 
bandwidth  (f  =  0)  limit  and  predict  a  novel,  dopant -induced,  coexistent 
charge  density  wave  (CI)W)  and  spin  density  wave  (SI)W )  imbued  slate 
near  J -filling  with  a  CDW  yixv/ 2  and  a  SOW  2 X 2-supercell,  le.spoi 
lively.  We  show  that,  as  a  consequence  of  the  Franck  Condon  principle, 
even  a  very  strong  EP  coupling  will  have  only  a  negligibly  small  effect  on 
the  observable  electronic  and  spin  excitations  in  the  undoped,  insulating 
groundstatc  phase  of  the  cuprates. 

(*)  Supported  by  U.S.D.O.F..,  BES-Materials Sciences,  Contract  No.  W 
.11 -109- ENG-38. 

(+)  Supported  by  the  National  Science  Foundation  under  Grant  No 
DMR-8013878  and  by  the  University  of  Georgia  Office  of  the  Vice  Pres 
blent  for  Research. 
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After  briefly  discussing  two  analytic  limits  the  large  Hubbard 
V  (untiferromagnetic)  limit  and  the  strongly  distorted  (bond 
or  charge-dcnsity-wavc)  limit  —  we  focus  on  (exact)  numer¬ 
ical  studies  of  a  one-dimensional  two-band  model,  developed 
for  halogen  bridged  transition  metal  linear  chain  complexes 
(MX  chains),  using  parameter  values  in  the  intermediate  regime 
for  both  the  electron-electron  and  electron- phonon  couplings, 
where  unusual  spin-Pcierls  or  long-period,  frustrated  ground 
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states  arc  found,  similar  to  those  in  ANNNI  models  We  spec 
ulate  on  possible  experimentally  observable  signatures  of  this 
rich  phase  diagram. 

Work  at  UB  partially  supported  by  SFB213,  and  woik  at 
LANL  supported  by  the  US  DOE.  JTG  is  currently  supported 
by  a  NRC-NOSC  Research  Associateship 
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J16  1  Internal  Structural  Models  of  Superconductive  Cluster  Compounds. 

KARIN  M.  RARE,  Yale  University. 

Both  Chevrel  compounds.  MyMOfiChg_x0x(M  *  Sn,  Pb,  £••,  Cu,...;  Ch  •  S,  Se,  Te),  and  AxCkq  (A  *  K, 
Rb,  Cs)  contain  anionic  metallic  clusters  weakly  coupled  by  metallic  cations.  Chemical  and  struc¬ 
tural  trends  in  these  materials  reveal  many  anomalies  which  the  present  model,  motivated  by  the 
observed  proximity  of  high-Tc  superconductivity  to  pressure  and  compositional  phase  boundaries 
and  low  temperature  lattice  instabilities,  explains  for  the  first  time.  In  this  model,  there  is  a 
stress-driven  phase  separation  on  intermediate  length  scales  into  a  well -crystallized  primary 
phase  and  a  poorly  ordered  second  phase  or  array  of  extended  defects  stabilized  by  the  presence 
of  the  primary  phase.  If  this  second  phase  is  electronically  distinct,  profound  effects  on  the 
properties  of  the  material  may  result.  In  Chevrel  compounds,  formation  of  a  semiconducting  second 
phase,  related  to  the  low  temperature  rhombohedral-tricl inic  lattice  instability  and  the  effect 
of  substitutional  oxygen  defects  and  associated  large  local  strains  on  crystal  structure  and  Tc, 
can  account  for  anomalies  in  the  pressure  dependence  of  Tc  and  transport  properties  in  the  super¬ 
conducting  and  normal  states1.  In  doped  Ceo<  the  second  phase  forms  a  connected  high-Tc  supercon¬ 
ductive  matrix,  marginally  stabilized  by  fee  crystallites?.  In  general,  the  second  phases  need 
not  support  the  coherent  scattering  necessary  for  detection  through  x-ray  diffraction  experiments. 
Rather,  their  presence  must  be  inferred  from  observed  chemical  trends  in  structure,  stability  and 
properties. 

!j.  C.  Phillips  and  K.  M.  Rabe,  submitted  to  Europhysics  Letters. 

?K.  M.  Rabe,  J.  C.  Phillips  and  J.  M.  Vandenberg,  to  be  published  in  Physical  Review  B. 
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<116  2  Structural  Phase  Transitions  In  Doped  and 
Undooed  LaoCuOa.  M.K.  CRAWFORD,  R.L.  HARLOW,  E.M. 
MCCARRON  and  W.E.  FARNETH,  DuPont.  J.D.  AXE  and  H. 

chou.  BrooKhaven  National  Laboratory.  Q.  huang. 
National  jQslitute  ol.  Standards  .and  Technology.  ---  La2Cu04 
exists  in  several  structural  modifications  which  are  related  by 

CuOe  octahedra  rotations  about  the  (110)  or  (1 10)  axes  of 
the  high  temperature  !4/mmm  phase.  We  have  used1 
synchrotron  x-ray  and  neutron  diffraction  to  study  phase 
transitions  Involving  such  octahedra  rotations  in  La2CuOa 
samples  which  have  Isovalent  and/or  aliovalent  substitutions 
at  the  La3*  site.  These  structural  transformations  profoundly 
effect  superconductivity  for  reasons  which  are  not  completely 
understood.  Furthermore,  there  is  some  evidence  for  a 
commensurate  electronic  or  magnetic  instability  at  a  doping 
level  of  1/8  hole  per  Cu  atom  In  these  systems.  We  will 
discuss  these  issues  in  light  of  our  recent  experimental 
results. 

1  M.K.  Crawford  et  at.,  Phyt.  Rev.  8  44,  7749  (1991). 

11:41 

•U8  3  Local  Atoalc  Etruature  of  Strontium  «nd  MmfatmLuB 
Dot)od  Lanthanum  Cooper  Oxides  T.  R.  Sandyka,  T.  EgaaL, 
Untv^  of. Fanni vl vanla .  H.  K,  Crawford,  E,  M.  MeCarron, 
du  Pont  da  Maaoura .  The  local  atoalc  atruetura  of 
Loi.uKd  i>r,uCuO(,  and  La,,,MNd,tlr,i,CuO,  was  studied  by 
pair  distribution  function  (POP)  analytic  of  tha  neutron 
powder  diffraction  data,  taken  at  the  SEPD  atatlon  at 


IPNS.  Even  though  the  average  structure  is  the  sane, 
local  atonic  structure  la  found  to  be  different  fron  the 
Ideal  La,CuO,  structure.  The  shifts  In  atonic  positions 
arc  In  the  order  of  up  to  0.1  A.  The  deviation  is 
tenperature  dependent.  For  the  Nd.6  composition 
distribution  In  the  interatonic  0-0  distances  exhibits 
a  change  near  60K.  The  observed  structural  changes  arc 
related  to  the  LIT  -  LTO  phase  transition  which  is 
known  to  affect  superconductivity.  Differences  in  the 
local  structure  of  those  two  phases  will  be  discussed. 
Work  at  the  Uni v-  of  Pennsylvania  was  supported  by  NSF 
through  grant  DKR  90-01704. 


12:00 

J 1 6  4  Anomalous  X-Ray  Scattering  Study  of  La  S  rj  j  j 

Cni.J-HNi,Zn),Qj.  S.  N.  EHRLICH,  M.'A.  CASTRO,  S.  A. 
HOFFMAN  and  S.  M.  DURBIN,  Purdue  Univ.  -  Anomalous  x- 
ray  scattering  measurements  were  made  on  Lai.uSro  |5CuO«,  a 
40  K  superconductor,  with  and  without  dopants  of  magnetic  Ni 
and  non-magnetic  Zn  in  order  to  determine  the  dopant  site  oc¬ 
cupancy  distribution.  We  are  Investigating  the  effects  of  dopants 
on  Tr  which  appear  to  be  sensitive  to  the  megnetie  character  of 
the  impurity.  In  order  to  interpret  changes  in  T,  in  these  samples 
it  is  necessary  to  know  what  sites  the  Ni  and  Zn  atoms  occupy 
In  the  lattice  structure.  We  measured  the  intensities  of  several 
reflections,  and  also  did  fluorescence  EXAFS  meswurementa,  for 
each  sample  at  energies  below  and  above  the  K  absorption  edge  of 
Ni,  Cu  and  Zn.  The  EXAFS  measurements  were  used  to  calculate 
the  structure  faetor  for  each  of  the  above  elements  as  a  function 
of  energy.  The  site  distributions  of  these  elements  is  determined 
by  fitting  the  measuted  Intensity  data  to  the  intensities  calculated 
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